The paper describes how to simulate the flight of a flapping-wing micro-aerial vehicle (MAV). It uses an aerodynamic database generated using three-dimensional Navier-Stokes code. The database is composed of the time mean aerodynamic forces and moments generated at various flapping wing motions in various flight modes. Flight is simulated utilizing the database by interpolation. The procedure is applied to transition flight of a dragonfly-type MAV with two-pairs of resonance-type flapping wings. The present MAV attains the mission of hovering, transition and cruising flights successfully with stable attitude.
Introduction
Studies on insect-like Micro Aerial Vehicles (MAV) are becoming common. One reason is the superior flying capabilities of insects like dragonflies with hovering, rapid turning and high-speed flight. To achieve such superior flying abilities in a MAV, a flight-control system for the flapping wing MAV must be established. Although there is some research works on the flight control-system of the insect itself, [1] [2] [3] there is no work on synthetic flight control for a transition flight from hovering to high-speed flight. The flapping-wing MAV should generate additional aerodynamic forces for stability, altitude control and various maneuvering flights only by flapping wings as well as lift to support its mass and thrust to overcome body drag. Flight simulation techniques to solve the equations of motion of a flying body using unsteady aerodynamic forces generated by flapping wings is an effective tool for R&D of flight management and control systems.
This paper proposes a technique to enable a real-time simulation of synthetic flight, such as transition flight of a flapping-wing MAV. The method is based on an aerodynamic database generated using 3D Navier-Stokes (NS) code prior to flight simulation. The database is composed of the time mean values of lift, thrust, pitching, rolling and yawing moments computed using 3D NS code for various parameters that govern the flapping-wing motions at various flight conditions. The simulation is conducted using the time mean aerodynamic database generated by interpolation. Since interpolation can be done almost instantaneously, the real-time flight simulation is possible. This paper presents the details for generating the database and its use. The flight simulation is confined to 2D space. The CG movement of the MAV is confined in the vertical and horizontal directions, and in the pitch and roll motions. The present study is the first step in complete 3D flight simulation of the flapping wing MAV. This paper shows the feasibility and procedure of real-time flight simulation of the flapping-wing MAV, which has not been achieved yet so far.
Generation of Aerodynamic Database

Dragonfly-type flapping-wing MAV
The MAV in this study is a dragonfly-type under development at Nippon Bunri University. The image is shown in Fig. 1 ; the mass is 55 g and the span is 0.30 m. It has twopairs of resonance type flapping wing. 4) Figure 2 shows the planform and structures of the fore-and hind-wings. The semi-span lengths of the fore-and hind-wings are 0.11 m and the semi-chord length b f of the fore-wing at Ó 2010 The Japan Society for Aeronautical and Space Sciences 75% semi-span station is 0.0115 m. Each wing is composed of a single CFRP (Carbon Fiber Reinforced Plastic) rod of 1-mm diameter and thin EPP (Expanded Polypropylene) plate. (The thickness of the fore-wing is 1.5 mm and that of the hind-wing is 3 mm). The mass of the fore-wing is 0.25 g and that of the hind-wing is 0.30 g. The measured first and second natural frequencies of the fore-wing are 39 Hz and 73 Hz, respectively and those of the hind-wing are 47 Hz and 68 Hz, respectively. The third natural frequencies have not been found for the frequency range up to 170 Hz. The time mean thrust characteristics vs. frequency of each wing at hovering has been measured using the vibration test bed 4) shown in Fig. 3 . Each wing is set at the tip of the arm of the shaker. (The carbon rod is fixed at 0.01 m from the wing root.) The arm of the shaker is oscillated by the electro magnetic motor through a cam and gear mechanism around the flapping axis which is located at 0.04 m from the wing root (Fig. 2) . The flapping amplitude of the arm is 10 deg. The flapping frequency is varied from about 20 Hz to 60 Hz. The vibration test bed is on an electric balance, and the time mean thrust is measured. (The accuracy of the balance is 9:8 Â 10 À4 N.) Figure 4 shows the variation of thrust of the foreand hind-wings with respect to the flapping frequency, respectively. As seen, the hind-wing shows a higher thrust than the fore-wing from 35 Hz to high frequencies. It is also interesting that the thrust variation vs. frequency is almost linear from 35 Hz to about 55 Hz. Figure 4 suggests that a dragonfly type MAV with two-pairs of flapping wings can generate lift of about 0.55 N (56 gf) hovering at an oscillation frequency of about 46 Hz. The linear variation in lift with respect to frequency also suggests that additional aerodynamic forces needed for stability and control can be generated by changing the frequency of oscillation of each wing independently around 46 Hz. These facts clearly suggest that stable flight of the MAV with a weight of 0.54 N (55 gf) may be possible by varying oscillation frequency of each wing independently around 46 Hz. To confirm this, we simulated the flight of the MAV using the aerodynamic database.
3D NS code to compute aeroelastic response
We developed 3D Navier-Stoke (NS) code to generate the aerodynamic database. The 3D NS code developed originally by Isogai et al. [5] [6] [7] was modified to compute the aeroelastic response of the present resonance-type flapping wings.
First, we conducted vibration analyses of the elastic wings using the simple Rayleigh-Ritz method. We used three natural vibration modes, namely, the first bending mode and the first torsion mode of a beam (circular section) for the CFRP rod, and the first bending mode of a beam (rectangular section) for the thin EPP plate. The displacement of the wing normal to the wing surface is expressed using these assumed modes. And the three natural frequencies and the corresponding natural vibration modes of the present flexible elastic wings were determined by solving Lagrange's 
Fore-Wing
Hind-Wing Table 1 compares the experimental and theoretical natural frequencies of the fore-and hind-wings. The first mode shape is a coupled mode of the first bending of the CFRP rod and the EPP plate, and the chord-wise bending mode of the EPP is predominant in the second mode. The third natural vibration mode does not contribute to the aeroelastic response of the elastic wing.
The aeroelastic response of the wing is computed by the assumed mode method using the three natural vibration modes and frequencies computed using the Rayleigh-Ritz method mentioned above. Figure 5 shows the definitions of wing displacement and the coordinate system used in the present 3D NS simulations.
The displacement of the wing normal to the wing surface is expressed as where t is time and H i is the natural vibration modes of the wing, and q i is the generalized coordinate. F R in Eq. (1) is the displacement of the forced oscillation as defined by
Where, R r is the displacement of the wing at the root section and ' o is the flapping amplitude. Using Lagrange's equations of motion, we obtain the ordinary differential equations of motion for q i as follows:
where, M i is the generalized mass; ! i is the natural frequency; ! is the frequency of excitation; g i is the damping coefficient; m is the mass per unit area of the wing surface; and Áp is the pressure difference computed using the 3D Navier-Stokes code. Equations (3) can be applied to both the fore-and hind-wings. Equations coupled with the 3D NS equation are solved at each time step to obtain the aeroelastic responses of the fore-and hind-wings.
To examine the ability of the present 3D NS code to compute the aeroelastic response of the elastic wing, the aeroelastic responses of the fore-and hind-wings shown in Fig. 2 was computed both for the single wing and the tandem wing configurations, respectively. As described in Section 2.1, the experimental data of the time mean lift at hovering were obtained only for the single-wing configuration. Figures 6(a) and 6(b) compare the computed and experimental thrust (lift for hovering condition) variations with respect to frequency, respectively. The quantitative difference between the single-wing configuration (without interaction) and the tandem-wing configuration (with inter- action) is very small, and the agreement between the computed and experimental results is fairly good for the frequency range from 30 Hz to 45 Hz. However, shown in the figure, the computed results show a peak at about 45 Hz, while the experimental data show no peak up to 50 Hz. The reason for this discrepancy is unknown. For the computed results for the hind-wing, the result for the single-wing configuration (without interaction) shows higher values than the experimental though the qualitative tendency of the computed result shows fairly good agreement with the experiment for the frequency range from 30 Hz to 50 Hz. However, as shown in the figure, the computed results (both single-wing and tandem-wing configurations) show peaks around 50 Hz, while the experimental data show no peaks up to 60 Hz. The reason for this discrepancy is unknown.
Since the agreement between the computed and experimental data is fairly good for the frequency range from 30 Hz to 45 Hz for the fore-wing and from 30 Hz to 50 Hz for the hind-wing, we decided to use the present NS code to generate the aerodynamic database for the flight simulation of the present MAV.
Generation of aerodynamic database
In generating the aerodynamic database, we made the following assumptions: (1) The motions of the MAV, namely, the altitude and the position of the center of gravity (CG) in horizontal plane and the attitude (pitch, roll and yaw) are governed only by the time mean aerodynamic forces. (2) The aerodynamic forces needed for control and stability are generated by changing the frequencies of each wing, namely, the right and left wings of the fore-and hind-wings, independently of each other. (3) There is no aerodynamic interaction between the right and left wings. (The aerodynamic interactions between the fore-and hind-wings are taken into account.) This means that the aerodynamic database generated for the right wings can be used for the database for the left wings without modification except inverting signs for the rolling and yawing moments around the horizontal and vertical axes, respectively. (4) The effects of the pitch, roll and yaw rates of the body on the aerodynamic forces can be neglected compared with those of flappingwing motions. (Analyses of the body motion of the present MAV (see Section 3.2.1 and 3.2.2) shows that the amplitudes and frequencies of the pitching and rolling motions of the body are about 5 deg and 1.7 Hz for pitch, and about 4 deg and 4 Hz, respectively for the cruising flight. Therefore, the pitch and roll rates of the body are estimated on the order of 1-2 rad/s or less than 2% of the pitch and roll rates due to the flapping-wing motions for which the feathering and flapping amplitudes of the present resonance-type wings are on the order of 50 deg and 20 deg, respectively, at frequencies around 40 Hz. Therefore, the effect of the pitch and roll rates of the body on the aerodynamic forces can be neglected compared to those generated by the flapping wings. Although we have not analyzed the yaw rate of the body, the effects of the yawing motion on the aerodynamic force can be neglected based on the similar arguments.) Figure 7 shows the coordinate systems used to define the computed (time mean) aerodynamic forces and the wing motions. The XYZ-coordinate system is fixed to the time mean wing position and the origin is located at the 7.5 mm upstream point of the leading edge of the root station of the hind-wing. Both wings flap with an amplitude of 10 deg around the flapping axis located parallel to the X-axis. (It should be noted that feathering deformation is induced only by the aeroelastic effect.) The H-axis and V-axis shown in Fig. 7 are horizontal and vertical axes with respect to the ground, and their origin coincides with that of the XYZ-coordinate system. The stroke-plane is parallel to the Y-axis and can be changed by rotating the XYZ-system around the Z-axis. The stroke-plane angle 0 s is defined by the angle between the Y-axis and H-axis. As defined in Fig. 7 , the (time mean) aerodynamic forces and moments computed by the present 3D NS code are the lifts (L f and L h ) acting in the direction of the V-axis, thrusts (T f and T h ) acting in the negative direction of the H-axis, pitching moments (Q Zf and Q Zh ) around the Z-axis, rolling moments (Q Hf and Q Hh ) around the H-axis and the yawing moments (Q Vf and Q Vh ) around the V-axis, that act on each fore-and hind-wing, respectively. These aerodynamic forces and moments are governed by the following four parameters: V, 0 s , f f and f h . (As already mentioned, these ten aerodynamic forces and moments are computed only for right wings because they can also be used as the database for the left wings.) We have computed those ten aerodynamic forces at the following 3-5 points of each four parameters, namely, This means that computation using the 3D NS code was conducted for 225 cases. It took about 28 days of computation time using 9 nodes of PC cluster (one node has 2 Itanium 2 processors). Once the aerodynamic database was generated, we easily computed the aerodynamic forces and moments acting on and around the CG of the MAV generated by each wing independently by interpolation from the database.
Method of interpolation
To obtain the time mean aerodynamic forces and moments needed for the flight simulation of the MAV, we utilize the following Taylor series expansion around the database point in 4 dimensional space, that is,
where
and where X expresses the arbitrary wing motion and flight velocity, for which the aerodynamic forces and moments are to be computed by interpolation, while X o expresses the wing motion and flight velocity for which the aerodynamic database is generated. As mentioned previously, there are 225 database points. Therefore, the database point X o which is the nearest to X is found among 225 database points in computing F i by using Eq. (4). Equation (4) can be used both for computing F i for right and left wings except that V and 0 s are the same both for right and left wings. Thus, we can compute the total 20 aerodynamic forces and moments due to an arbitrary oscillation of each wing at an arbitrary flight velocity and stroke-plane angle instantaneously by interpolation from the database. (It should be noted that X should be within the range of X o for which the aerodynamic database is generated.) Once these 20 aerodynamic forces and moments are determined, it is easy to compute the total aerodynamic forces and moments defined with respect to the H 0 V 0 Z 0 coordinate system, which is parallel to HVZ-coordinate system and whose origin is at the CG of the body. These total aerodynamic forces and moments, namely, the lift and thrust acting on the CG, and the pitching, rolling and yawing moments around the Z 0 -axis, the H 0 -axis and V 0 -axis, are defined by L, T, Q Z 0 , Q H 0 and Q V 0 , respectively.
To examine the accuracy of the interpolation, we have computed the (time mean) lift and thrust acting on the single fore-and hind-wings, respectively, from the database by interpolation for the arbitrarily selected oscillation frequencies and flight conditions. They were compared with those computed directly using the present 3D NS code. The results are shown in Figs. 8(a) and 8(b) . These figures show the variations of the time mean lift and thrust with respect to the flight velocity for an arbitrarily selected stroke-plane angle of 20 deg and the oscillation frequency of the foreand hind-wings, namely, f f ¼ 42 Hz and f h ¼ 47 Hz, respectively. (It is assumed that the right and left wings of fore-and hind-wings are oscillated symmetrically around the body axis.) As seen in the figures, the results obtained by interpolation from the database show fairly good agreement with those computed using the 3D NS code directly.
Transition Flight Simulation
As described in the previous section, the time mean aerodynamic forces and moments generated by the resonance type flapping wings of the MAV shown in Fig. 2 can be computed almost instantaneously by interpolation from the aerodynamic database. This section, presents the procedure and the results of the transition flight simulation. The MAV rises to some target height from the starting point, then moves to the second target point located some distance from the starting point by maintaining altitude, then finally drops to some target height and holds its position hovering with stable lateral and longitudinal position.
Procedure of flight simulation
We make the following assumptions in this flight simulation:
(1) For attitude stability of the MAV, we will consider only pitching and rolling motions around the time mean attitude. (2) The stroke-plane angle does not depend on the pitching and rolling motions of the body. (3) The variation of the stroke-plane angle during flight is given by the designer depending on the flight mode, namely, hovering, transition and cruising flights. (4) We treat only the twodimensional motion of the CG in the x-y plane fixed to the ground (x: horizontal and y: vertical distances from the starting point), and the pitching and rolling motions around the CG. (5) The motion of the body is governed only by the time-mean aerodynamic forces and moments. Based on these assumptions, the transition flight simulation was conducted following the procedure shown in Fig. 9 . (Detailed explanation of the procedure is given later.) The present transition flight is composed of the following stages: The first stage (lift off): MAV lifts off ground and rises to target height y target1 with almost zero forward velocity. The second stage (transition): MAV accelerates from almost zero forward velocity to maximum forward velocity (V target1 ) while maintaining altitude y target1 . The third stage (cruising): MAV moves to the final (horizontal) target point x target2 by keeping its altitude y target1 with the maximum forward velocity attainable. The fourth stage (transition): MAV decelerates to almost zero forward velocity and drops to final target point x taget2 and y target2 . The fifth stage (hovering): MAV hovers at final target point (x target2 , y target2 ). Figure 9 explains the procedure of the flight simulation. Before we started the simulation, the target values of the CG position (x target1 , y target1 , x target2 , y target2 ), the attitude ( target , 0 target ) and the time history of the stroke-plane angle 0 s were given. Computations start following steps À,à nd´shown in Fig. 9 . In step À, the target values for lift and thrust, and pitching and rolling moments acting on and around the CG are determined following the simple PD control law, that is,
for transition and cruise ð7Þ
Where, the coefficients 
Where, V and V V are the forward and vertical velocities, respectively; S f and S fV are the maximum cross section area of the body in the vertical and horizontal planes of the body, respectively; and C Df is the drag coefficient. In step`, the values of L, T, Q Z 0 and Q H 0 , which are the nearest to the target values set by Eqs. (5)- (9), are determined from the aerodynamic database using the optimization technique (Complex method 8) ). The objective function F opt of the optimization is given by
Where, W 1 and W 2 are the weighting constants. For design variables, we examined two different cases: Case 1 in which the right and left wings of the fore-and hind-wings oscillate at the different frequencies independently of each other; and Case 2 in which the right and left wings of the fore-wing oscillate independently while the right and left wings of the hind-wing oscillate at the same frequency. Therefore, the design variables in Case 1 are the four oscillation frequencies ( f fr , f fl , f hr and f hl ), and the design variables in Case 2 are three oscillation frequencies ( f fr , f fl and f h ( f hr ¼ f hl )). As discussed in Section 3.2, we obtained the stable transition flight in both cases, though Case 2 showed much better pitch and roll stability than Case 1. (The present optimization imposes constraints on the frequencies, namely, 30 Hz < ð f fr ; f fl Þ < 47 Hz and 30 Hz < ð f hr ; f hl Þ < 50 Hz are imposed.) Steps À and`are taken once in every two oscillation cycles of the wings. By using the time mean aerodynamic forces and moments, namely, L, T, Q Z 0 and Q H 0 , the following equations of motion are solved for the term of the two oscillation cycles:
Where, I Z 0 and I H 0 are the moments of inertias of the body around the Z 0 -and H 0 -axes, respectively, and where l cg is the vertical distance between the CG of the body and the origin of the HVZ coordinate system. The non-dimensional forms of Eqs. (13)-(16) are solved using the finite difference technique, obtaining the x and y positions of the CG and the attitude ( and 0) at each time step. By repeating the procedure (steps À and`were taken once in every two-cycles of flapping oscillation and step´is taken at each time step), we obtained the trace of CG and the responses of and 0 during transition flight. In transition flight, it is important how the stroke-plane 0 s changes because it has considerable effect on the generation of lift and thrust from hovering to forward flight. In the present transition flight simulation, 0 s changed as follows: 
Results
In the present simulation, the MAV inertial properties and drag characteristics, that appear in Eqs. (13)-(16) are assumed to be:
The target values in Eqs. (5)-(9) are set as follows:
The gains in Eqs. (5)- (9) are set as follows:
These gain values were determined by trial and error to obtain stable responses of attitude ( and 0). 3.2.1. Results of Case 1 As described in Section 3.1, the four frequencies f fr , f fl , f hr and f hl were changed independently to generate the control forces for Case 1. Figure 10 shows the horizontal and vertical trace of the CG during the transition flight. The mission was successfully attained. Figures 11 and 12 show the responses of pitch and roll angles during the flight. The present mission can be attained by keeping the attitude of the body stable, although fluctuations of pitch and roll angles are relatively large. Figure 13 shows the variation of lift during the mission. The time mean value of lift is kept around the body weight of 0.539 N. Figure 14 shows the variation in thrust during the mission. The fluctuation in thrust is relatively large. Figure 15 shows the variation of the forward velocity, which shows a maximum cruising velocity of about 3 m/s.
Results of Case 2
As described in Section 3.1, the three frequencies f fr , f fl and f h ( f hr ¼ f hl ) were changed independently to generate the control forces for Case 2. Figure 16 shows the horizontal and vertical trace of the CG during the transition flight. The mission was also successfully attained. Figures 17 and 18 show the responses of pitch and roll angles during the flight. The fluctuations in the pitch and roll angles are reduced considerably compared to Case 1. As also seen in Figs figures suggest that the right and left wings of the fore-wing are used mostly for attitude control while the hind-wing is used mostly for altitude control. These results suggest that the dragonfly-type MAV with two-pairs of resonance-type flapping wings can be controlled successfully by changing the frequencies of the right and left fore-wings independently using two-motors, while the hind-wings are oscillated by one motor at a single frequency. This design strategy might reduce the weight of the MAV compared with a design with four motors oscillate the two pairs of wings independently like in Case 1.
Conclusions
The paper describes a procedure to conduct real-time flight simulation of a flapping-wing MAV. It uses an aerodynamic database generated using 3D Navier-Stokes code. The database is composed of the time mean aerodynamic forces and moments generated by various flapping-wing motions at various flight velocities, including hovering. The flight simulation is conducted using the database by interpolation. The procedure was applied to transition flight simulation of a dragonfly-type MAV with two pairs of the resonance-type flapping wings. It demonstrated that the MAV can attain a mission composed of hovering, transition and cruising successfully by keeping attitude stable. The fundamental part of this procedure could also be applied to forced-oscillation-type flapping wings.
